The sodium azide resistance pattern of Proteus hauseri is not of the allor-none unilocal type reported for Escherichia coli but rather of the obligatory multi-step or penicillin variety. Independently isolated 1st-step resistant variants possessed similar degrees of resistance to sodium azide. Some properties of azide-resistant variants of P. hauseri are described. In support of the above finding it was possible to transduce 1st-step (and only 1st-step) resistance into the wild-type by phage grown on either 1st-, 2nd-, 3rd-or 4th-step resistant organisms. It was also possible to transduce 2nd-step resistance into 1st-step resistant organisms by phage developed on independently isolated 1st-step resistant organisms or by phage from multi-step resistant variants. About 60 yo of transduced genes expressed their phenotype in platings done immediately after the adsorption period. It is concluded that a number of loci, not closely linked, and possibly equipotent, control sodium azide resistance in P. hauseri and that resistance could be dominant to the wild allele.
INTRODUCTION
Three patterns of resistance development by bacteria to inhibitory agents have been observed (Bryson & Szybalski, 1955) . With the obligatory single-step pattern (Manten & Rowley, 1953) organisms possessing maximal resistance may be selected by a single exposure to the agent. No intermediate degrees of resistance are encountered. Multistep resistance is a gradual step-wise process and requires repeated exposure and selection to obtain organisms with a high degree of resistance. This is the mode of development of resistance to penicillin (Demerec, 1948) and most other antibiotics (Bryson & Szybalski, 1955) . In the facultative single-step pattern survivors possessing all grades of resistance may be selected by a single exposure to the inhibitor. This is the pattern of resistance elicited by streptomycin (Demerec, 1948) . The discrete polygenic mechanisms governing the penicillin type of resistance were successfully dissected by the transformation studies of Hotchkiss (1951) , the recombinant analysis of Cavalli (1952) and Cavalli & Maccacaro (1950 , 1952 , and the transduction studies of Bani6 (1959) . The transformation experiments of Hotchkiss (1952) and the transduction studies of Watanabe & Watanabe (1959 a) also confirmed the facultative one-step pattern governing resistance to streptomycin.
The inhibitory action of sodium azide on bacterial growth was known since the work of Loew (1891) . Keilin & Hartree (1934) demonstrated that sodium azide was an inhibitor of catalase and the differential effect it had against the growth of many Gram-negative organisms as well as aerobes has been exploited in numerous selective media (Forget & Fredette, 1962) . Sodium azide resistance was first mentioned as a marker in bacterial genetics by Lederberg (1947) . Lederberg (1950) isolated an azide resistant mutant of Escherichia coli strain w478 on nutrient agar containing ~/ 5 0 0 sodium azide. Cavalli (1952) claimed that sodium azide resistance in micro-organisms was of the all-or-none type but also stated that 'azide can perhaps be said to belong to the group of drugs giving the streptomycin pattern of resistance '. Bryson & Szybalski (1955) stated that resistance to sodium azide was of the obligatory single-step pattern. Neither Cavalli (1952) nor Bryson & Szybalski (1955) referred to survival studies of micro-organisms exposed to different concentrations of sodium azide to support their claims, but both cautioned that the jump to azide resistance was small. Cavalli & Maccacaro (1950) and Cavalli (1952) crossed independently isolated azide-resistant mutants of E . coli and demonstrated that azide resistance was controlled by a gene locus linked to the threonine and leucine loci. No details regarding the isolation of the mutants were given and the concentration of azide used in the experiments was not stated. The concentration of sodium azide used in bacterial crosses (in various media) to select for the azide resistance marker was never greater than ~/ 5 0 0 , and Hayes (1957) and Jacob & Wollman (1961) used ~/ 1 6 0 0 and ~/ 8 5 0 respectively. Bryson & Szybalski (1955) referred to unsuccessful experiments by P. E. Hartman to transduce azide resistance by means of bacteriophage, but Lennox (1955) was the first to report the transduction of a ~/ 5 0 0 azide resistance marker, using phage P l in an E . coli system. He did not directly select for azide resistance but showed that the marker could be jointly transduced with either the leucine or the arabinose marker. Coetzee & Sacks ( 1 9 6 0~) reported the transduction of streptomycin resistance in Proteus mirabilis. An initial failure to transduce resistance to sodium azide stimulated the work reported here.
METHODS

Media.
The composition of the MacConkey-type agar, soft agar and the broth employed are described by Coetzee & Sachs (19606) . Sodium azide (British Drug Houses) was added to the sterilized broth or to the molten agar a t 47". Azide media were prepared on the day of use. Dilutions of cultures were made in sterile 0.85 yo (w/v) saline in distilled water. Solid media were inoculated with 0.1 ml. of dilutions of broth cultures and spread to dryness with a sterile glass rod. McIntosh and Fildes's jars (Mackie & McCartney, 1960) were used for anaerobic cultures. Cultures were incubated at 37" for 48 hr. unless otherwise stated.
Organisms. Proteus rnirabilis strains 13, 193, 57 and phages 34/13, 14/13 str-r 12/57, 12/57 str-r were used throughout. I n addition 4 strains of P. vulgaris freshly isolated from human faeces were used in survival-curve studies. Strains 13, 193, 57 and the phages have been described as well as the methods used for preparation of high-titre phage stocks and measurement of phage adsorption, and to detect lysogeny in transductants (Coetzee & Sacks, 1 9 6 0~) . Variants resistant to sodium azide are identified by ax-r and a number indicating the step of resistance. Thus 13 ax-r4 denotes a 4th-step azide resistant variant of strain 13. Catalase activity of cultures was qualitatively tested according to the method of Davis (1955) . The flagellar stain and the hanging-drop motility method are described by Mackie & McCartney (1960) . Flagellar antisera were prepared, adsorbed and tested according to Kauffman (1951) .
Survival studies. An overnight broth culture of the wild-type organism was concentrated by centrifugations to c. 2 x 1O1O viable organisms/ml. and plated on MacConkey agar containing different concentrations of sodium azide. Plates were incubated and surviving colonies counted. A colony on the highest concentration of sodium azide was picked into 100 ml. broth and incubated overnight. Dilutions of this culture were made and plated on different azide concentrations. After incubation the selection process was repeated.
Growth-rate experiments. These were done by inoculating c. 105 organisms contained in 0.1 ml. of a dilution of an overnight broth or sodium azide broth culture into 100 ml. of broth or azide broth. Cultures were maintained a t 137" in a water bath and sterile air bubbled through them. At intervals, dilutions were plated on plain or azide MacConkey and incubated.
Transduction techniques. Two tubes each containing 1.0 ml. of an overnight culture of the recipient organism (about lo9 viable organisms/ml.) were centrifuged to clarity and the supernatants decanted. One ml. of transducing phage (6-8 x 109 plaque-forming particles/ml.) was then added to one of the tubes. One ml. of either phage 34/13 str-r or 12/57 str-r (titre, 6 x lo9 plaque-forming particles/ml.) was added to the other tube which served as the organism control. One ml. of each phage suspension was added to 3 ml. of broth in other tubes to confirm the sterility of the stock. After gentle agitation in a water bath a t 3'7" for 20 min. 0.1 ml. from the first two tubes were plated on azide MacConkey and plain MacConkey and incubated. The latter plates were incubated for 5 hr. and then carefully overlayed with 4 ml. soft agar at 45" containing sufficient sodium azide to give the desired concentration after diffusion. After the agar had set, the plates were incubated. In certain experiments the contents of the tubes were also titrated on plain MacConkey for viable organisms. Phage sterility controls were plated on MacConkey agar after overnight incubation, The role of phage in lysates which yielded positive results was established according to methods previously used (Coetzee & Sacks, 1960a) .
RESULTS
Stability of media. I n view of the reports by Pike (1944), Diamond (1950) and
Gerencser & Weaver (1959) on the instability of sodium azide-containing media the following experiments were done. MacConkey azide media were pre-incubated for periods of 1-8 days before inoculation with sensitive and azide resistant variants and further incubated. Simultaneously, freshly prepared azide media were also inoculated and incubated. I n a series of three experiments the pre-incubated plates yielded similar counts to those on the freshly prepared azide media and proved their stability under test conditions. Forget & Fredette (1962) , and workers quoted by them, also found azide-containing media (often prepared by more vigorous methods) to be stable for at least 7 days. As a matter of convenience freshly prepared media were nevertheless used for each day's experiments.
Survival in presence of sodium azide. Figure 1 shows a family of survival curves of organism 13 on graded concentrations of sodium azide. This composite presentation shows the resistance pattern of the organism to the particular inhibitory agent (Demerec, 1945 (Demerec, , 1948 . It is apparent from the survival curve of the wild-type organism that azide resistance is not of the obligatory single-step type (Manten & Rowley, 1953) . Resistance is of the multi-step variety and the fact that the 2 x 109 wild-type organisms plated did not contain variants resistant to the highest concentrations of azide makes the streptomycin or facultative multi-step pattern unlikely, and indicates that resistance to azide in this strain is of the obligatory multi-step or penicillin variety (Bryson & Szybalski, 1955) . Variants surviving on ~1 2 1 7 azide were named 1st-step resistants. 2nd-, 3rd-, 4th-step resistant organisms were variants which grew on ~/ 1 3 0 , ~/ 8 2 , ~/ 5 4 sodium azide respectively. 4th-step resistant variants were not resistant to concentrations much higher than ~/ 5 4 but selection was not carried further. As in the case of penicillin (Demerec, 1945 (Demerec, , 1948 , the build-up of resistance was more rapid with each consecutive selection. A number Fig. 1 . Growth of Proteus mirabilis strain 13 on graded concentrations of sodium azide. A broth culture of strain 13 was concentrated to 2 x 1O1O viable organisms/ml. and 0-1 ml. of suitable dilutions plated on different concentrations of sodium azide MacConkey. After 48 hr. incubation colonies were counted and one which grew on the highest concentration of azide picked into 100 ml. broth and incubated overnight. This culture was then again plated on MacConkey azide and the selection process repeated a number of times. 0-0, Wild type; e-0, 1st-step resistant; a-a, 2nd-step resistant; D-, 3rd-step resistant; x -x , 4th-step resistant variants.
of independently-isolated 1st-step variants of strain 13 had similar ranges of azide resistance. This also applied to 2nd-, 3rd-and 4th-step resistant variants and is in agreement with the findings of Demerec (1948) for penicillin-resistant mutants of staphylococci. Organism 193 was very sensitive to sodium azide and there were no survivors on ~/ 5 0 0 azide. Selection, however, yield a family of curves which followed the resistance pattern of the other strains very closely. The four freshly isolated strains of Proteus vulgaris, as well as P. rnirabilis strain 57, gave similar survival curves. Colonies representative of each resistance step were re-streaked on azide media for purification before single colonies were inoculated on nutrient agar slants. After 24 hr. incubation they were stored at 4".
Properties of resistant variants. Resistance to sodium azide appeared to be stable in that stock cultures maintained on nutrient agar and subcultured a t about 2-monthly intervals for 2 years maintained their resistant properties. Variants of each degree of resistance produced colonies on media containing the corresponding concentrations of azide with diameters only about two-thirds of those of wild-type colonies on MacConkey agar. There was also a small variation in colony diameter among variants with the same degree of resistance, but no marked difference in colonial morphology was encountered between variants with different degrees of resistance. On plain MacConkey agar, all resistant variants produced colonies similar to but usually very slightly smaller than those of the wild-type. In azide media variants not only had long lag periods but also longer generation times than the wild-type. Similar growth differences from the wild-type were noted by Mitchison (1953) for streptomycin-resistant variants of Escherichia coEi and by Mayr-Harting (1955) for a series of penicillin-resistant variants of staphylococci. In plain broth these differences were much smaller and variants and wild-types eventually attained similar maximum viable counts. Drug-resistant organisms are usually more slow-growing than the corresponding sensitive wild-types (Demerec, 1951 ; Michison, 1953; Watanabe, 1954; Mayr-Harting, 1955; Bani& 1959; Thornley &-Yudkin, 1959 ) and the azide-resistant variants grew slower in the presence of the particular inhibitory agent than in its absence and so resembled the type I I I b streptomycin-resistant variants of E . coli described by Mitchison (1953) , some of the Staphylococcus aureus penicillin-resistant strains of Mayr-Harting (1955) , and the M, proflavine-resistant variants of E . coli of Thornley & Yudkin (1959). All resistant variants were motile, flagellated, and agglutinated with pure H antisera. 1st-, 2nd-, 3rd-step variants also swarmed, particularly at room temperature on MacConkey azide agar. No 4th-step variants were encountered which swarmed on ~/ 5 4 azide MacConkey although they swarmed on plates containing ~/ 8 2 azide. Sodium azide (~/ 6 5 0 in blood agar) was used by Snyder & Lichstein (1940) to inhibit the spreading of Proteus colonies.
Results presented in Table 1 indicate that azide resistant variants were unable to grow anaerobically on azide-containing MacConkey agar though they could do so on the azide-free medium. All azide resistant variants behaved in this manner. All the variants produced catalase when growing aerobically on azide-MacConkey or anaerobically on plain MacConkey agar. There are no reports about the respiratory activity of azide-resistant variants, but Sevag & Shelburne (1942) found that the aerobic respiration of strains of streptococci and pneumococci was strongly inhibited by this chemical. Lichstein & Soule (1944~) and Forget & Fredette (1962) demonstrated that anaerobic organisms were more resistant to sodium azide than aerobic organisms. The former workers and Schafer & Haas (1957) also observed that a series of Gram-negative bacteria and staphylococci were more sensitive to sodium azide when cultured anaerobically. There are no reports concerning the catalase activity of azide-resistant organisms, but Lichstein & Soule (1944 b) showed that organisms which lacked catalase were most resistant to azide and these authors as well as Schafer & Haas (1957) demonstrated that azide markedly inhibited the catalase activity of bacteria. Table 2 . Transduction experiment with phage 34/13 ax-9-3 and strain 13 as recipient 1 ml. of phage 34/13 dz-t-3 (plaque-forming titre: 6 x 109/ml.) was mixed with a deposit of log recipient bacteria. 1 ml. of phage 34/13 str-r with the same titre was added to an equal number of the bacteria as a control. After 20 min. adsorption a t 37", 0.1 ml. of each was plated on MacConkey agar and incubated for 5 hr. The plates were then overlayed with 4 ml. soft agar containing sodium azide to give the desired concentrations after diffusion. Plates were then incubated for 48 hr. and the colonies counted. Phage controls were sterile. Transduction experiments. Table 2 shows results of an experiment to transduce 3rd-step azide resistance into the wild strain 13 with phage 34/13 ax-r3. The phage controls in this and other experiments reported were sterile. The test plates had numerous colonies growing on ~/ 2 1 7 azide while the controls infected with phage 34/13 str-r had few colonies on concentrations above ~/ 5 0 0 . A further experiment with the same lysate but with 13 replaced as recipient by the wild-type strain 193 yielded even more clear-cut results in that the test had many colonies on ~/ 2 1 7 , whereas the ~/ 5 0 0 control plates were barren. The transducing ability of the lysate was not affected by pre-treatment with deoxyribonuclease but transduction was completely abolished by the addition of a small volume of high-titre anti-phage serum which reduced the plaque-forming titre of the lysate to less than 105/ml. These experiments established the phage in the lysate as the genetic vector. It appeared that a phage lysate of 13 ax-r3 could only transduce wild-type strains to ~/ 2 1 7 (i.e. 1st-step) azide resistance. Experiments were then done with the same recipients, but lysates prepared on variants 13 ax-rl, 13 az-rZ, and 13 ax-r4. Again only 1st-step resistance was transduced. Table 3 shows an experiment in which variant 193 ax-rl was treated with a phage lysate of 13 ax-rl. The test plates had numerous colonies on ~/ 1 2 0 while the control had few colonies above a concentration of ~/ 2 1 7 . This result was taken to mean that a 1st-step resistant variant could be transduced to 2nd-step resistance by a lysate prepared on an independently isolated 1st-step variant. I n a further experiment variant 13 ax-rl was treated with the same lysate used in the first experiment reported-i.e. phage 34/13 ax-r3. The control counts were 9 colonies on ~/ 1 6 3 and 0 on ~/ 1 2 0 . The test had 217 and 196 colonies on these concentrations respectively. There was thus the situation where lysate 13 ax-r3 could transduce no more than 1st-step resistance in wild strains but could produce 2nd-step resistance from a 1st-step resistant organism. Similar results were obtained with Proteus mirabilis strain 57 and phage 12/57 system. I n both systems it was possible to transduce 3rd-step sodium azide resistance into 2nd-step variants with lysates prepared on 4th-step resistant variants. Adsorption experiments showed that at least 95 yo of the phage adsorbed within the 20 min. adsorption period. On this basis the transduction rate was about lO-'/phage particle adsorbed. I n all Table 3 . Transduction experiment with phage 34/13 a w l and variant 193 ax-rl as recipient 1 ml. of phage 34/13 a w l (plaque-forming titre : 8 x 109/ml.) was mixed with a deposit of 1 x log recipient bacteria. 1 ml. of phage 34/13 str-r (plaque-forming titre: 6 x log/&.)
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was added to an equal no. of the bacteria as a control. After 20 min. adsorption a t 37' 0.1 ml. of each was plated on MacConkey agar and incubated for 5 hr. The plates were then overlayed with 4 ml. soft agar containing sodium azide to give the desired concentrations after diffusion. Plates were then incubated for 48 hr. and the colonies counted. Phage controls were sterile. transduction experiments the number of transductants present on the directly inoculated azide agar was two-thirds of that on the double-agar-layer plates. Figure 2 shows that while about 60% of transduced ax-r genes were immediately expressed, the greatest number of transductants was obtained by layering with azide-agar 4 to 5 hr. after plating. Reconstruction experiments with known numbers of azide-resistant organisms proved that resistant clones were not disturbed by overlaying with the soft agar (Coetzee & Sacks, 1 9 6 0~) . These experiments were verified by others in which transduction mixtures were plated on azide-MacConkey at intervals and also titrated for total viable counts. Although transductants were present on the earliest platings their numbers showed a disproportionate increase with the 4-5 hr. platings. No abortive transductants (Stocker, 1956; Ozeki, 1956) were encountered. All transductant clones tested proved to be lysogenic but no precautions (Coetzee & Sacks, 1 9 6 0~) were taken to prevent secondary lysogenization occurring on the plates. Transductants did not adsorb transducing phage. This was attributed to lysogenic conversion (Coetzee, 1961) . Transductants resembled the selected resistant variants in all other respects and have retained their resistance to sodium azide for more than a year.
Concentration of azide in MacConkey agar
Failure to appreciate the multi-step nature of sodium azide resistance in Proteus mirubilis could account for our initial failure to transduce azide resistance : lysates of highly resistant variants were applied to wild-type recipient strains and selection was for transductants with equivalent resistance. After an adsorption period of 20 min. at 37O, 0.1 ml. of the test and control were spread on plain MacConkey. The plates were incubated. At intervals they were overlayed with 4 ml. of soft sodium azide-containing agar to give a final concentration of ~/ 2 1 7 throughout. After further incubation for 48 hr. colonies were counted. The phage controls were sterile. @-a, test; 0-0, control.
DISCUSSION
The resistance pattern of an organism to an antibacterial agent is a property of the particular agent (Bryson & Demerec, 1950) . Szybalski & Bryson (1954) encountered an exception. Mycobacterium ranae may become completely resistant to chloramphenicol in a single step, whereas the resistance-pattern of other organisms to this agent is of the multi-step (penicillin) variety. Sodium azide resistance appears to be another exception. In Escherichia coli resistance to this agent is accepted as being obligatory single-step in nature (Cavalli, 1952 ; Bryson & Szybalski, 1955) , while in Proteus huuseri it appears to follow a multi-step pattern. It was possible to transduce 1st-step (and only 1st-step) resistance into wild-type strains by phage grown on 1st-or multi-step resistant variants. 2nd-step resistance was transduced to 1st-step variants by phage produced on independently isolated 1st-or multi-step resistant organisms. 1st-step variants were fairly uniform in their degree of resistance to sodium azide. This is what would be expected if resistance to sodium azide were governed by a number of more or less equipotent genes not closely enough linked to be jointly transduced (Baniit, 1959) . Due to lysogenic conversion (Coetzee, 1961) , which prevented readsorption of transducing phage it was not possible to attempt the step-wise build-up of resistance to sodium azide by serial re-exposure of transductants to transducing phage as was done in transformation studies (Hotchkiss, 1951) . The fact that resistant variants form colonies of practically the same size as the sensitive wild-type on plain MacConkey agar precluded the possibility of transduction of azide sensitivity into resistant variants as achieved by Watanabe & Watanabe (1959b) with a str-s marker in Salmonella t yphimurium.
The four newly isolated strains of Proteus vulgaris gave sets of survival curves similar to those of P. mirabilis strains 13, 913, 57. No transducing phage was available to confirm a polygenic mechanism of azide resistance in the P. vulgaris strains, but there is no reason to suppose that they differ from P. mirabilis.
In the analysis of phenotypic expression of sodium azide resistance after conjugation in Escherichia coli, Hayes (1957) found that resistance was expressed within the zygotes after a lag of a few minutes and that expression was achieved in the whole population before the recombinants divided. He concluded that resistance to sodium azide was a dominant character in E. coli. In the present case it was found that 60 yo of transduced resistant genes gained expression on platings done immediately after the adsorption period. The delayed expression of the remaining genes is difficult to explain. Morse (1959) met a similar situation with the transduction of Novobiocin resistance in staphylococci. Following his tentative explanation, it could be argued that, if azide resistance was dominant, the transduced genetic material could require a number of hours to penetrate the recipient organism and so explain the delay in expression. Alternatively, if the azide resistance gene requires a long time for phenotypic expression, it is possible that sodium azide might be slow acting. The transduced resistance genes would then find expression before the organism was inhibited, and so account for the transductants present on early platings, Mutant alleles are usually recessive to the wildtype (Lederberg, 1951 ; Watanabe & Watanabe, 1959a ; Coetzee & Sacks, 1 9 6 0~) . The striking exception is the conclusive experiments of Hayes (1957) concerning sodium azide resistance in Escherichia coli. It is tempting to conclude that sodium azide resistance in Proteus mirabilis is also dominant but no decision can be made.
The fact that no abortive transductants were observed could point to the recessive nature of azide resistance loci (Watanabe & Watanabe, 1959a ; Coetzee & Sacks, 1 9 6 0~) . However, the absence of abortive transductants in various systems is not unknown (Holloway & Monk, 1959; Edgar & Stocker, 1961; Thorne, 1962) and they were also not encountered in transduction of the swarming characteristic in Proteus mirabilis (Coetzee, 1963) .
